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PH Domains: Diverse Sequences with Minireview
a Common Fold Recruit Signaling
Molecules to the Cell Surface
Mark A. Lemmon*, Kathryn M. Ferguson², domains (PTB or PI domains), found in the signaling
adapters Shc and IRS-1, adopt the same fold (Zhou etand Joseph Schlessinger*
*Department of Pharmacology al., 1995; Eck et al., 1996, [this issue of Cell]). The PTB
domain is thus likely to represent another class of PHNew York University Medical Center
550 First Avenue domain that was not recognized by sequence homology.
PTB domains bind to phosphotyrosines in particular ac-New York, New York 10016
²Department of Chemistry tivated receptor tyrosine kinases, so, like other PH do-
mains, PTB domains serve to bring Shc and IRS-1 closeYale University
New Haven, Connecticut 06520 to the membrane surface.
PH Domain Structures
The pleckstrin homology (PH) domain was initially identi- Several PH domains have been successfully expressed
at high levels in E. coli, allowing biochemical studiesfied as a region of sequence homology, of approximately
120 amino acids, that is duplicated in pleckstrin, the and determination of their three dimensional structures
by X-ray crystallography and NMR spectroscopy. De-major substrate of protein kinase C in platelets (Mayer
et al., 1993; Haslam et al., 1993). It was subsequently spite the fact that the sequence identities between PH
domains are below the level at which structural homol-found that this domain is present in a large variety of
proteins involved in cellular signaling or cytoskeletal ogy can be assumed, it was found that the structures
of the PH domains from bG-spectrin, pleckstrin, dy-functions (reviewed by Gibson et al., 1994), and it was
suggested, by analogy with SH2 and SH3 domains, that namin, and PLCd1 are very similar (Ferguson et al.,
1995a; Ferguson et al., 1995b, and references therein).PH domains might mediate protein±protein interactions
in signaling processes. Since then, more than 90 differ- Each domain is a b sandwich formed by two nearly
orthogonal antiparallel b sheets of 4 and 3 strands re-ent putative PH domains have been identified by se-
quence analysis, at various positions in their host pro- spectively. An amphipathic C-terminal a helix closes off
one corner of this sandwich (Figure 1A and 1C). Theteins (Gibson et al., 1994). PH domains occur in protein
kinases such as the b adrenergic receptor kinase loops between the b strands, particularly the b1/b2,
b3/b4, and b6/b7 loops, differ greatly in length and in(bARK), Akt, and Btk; in phospholipase-C isoforms
(PLCb, g, and d); in guanine nucleotide releasing factors sequence. Each PH domain is electrostatically polar-
ized, and the most variable loops coincide with the posi-such as Cdc25, Sos, and Dbl; and in the GTPase dy-
namin as well as the GTPase-activating protein Ras- tively charged face. This positively charged variable re-
gion may function as the ligand binding site for PHGap (Gibson et al., 1994). Many of the proteins that
contain PH domains play a role in cellular signaling or domains (Ferguson et al., 1995b).
PH Domain Binding to Membrane Lipidscytoskeletal organization that requires association with
cell membranes. Recent studies suggest that PH do- Many attempts have been made, without success, to
identify protein ligands of PH domains using approachesmains contribute to this membrane association by bind-
ing to lipid molecules. In addition, recent structural such as the yeast two hybrid system and expression
cloning strategies. However, binding to the bg subunitsstudies have shown that phosphotyrosine-recognition
Figure 1. Structures of PH and PTB Domains
Ribbon representations of (A) the PLCd1 PH
domain with bound Ins(1,4,5)P3 (Ferguson et
al., 1995a) and (B) the Shc PH/PTB domain
with bound NGF receptor (TrkA) phospho-
peptide (Zhou et al., 1995) in the same orien-
tation. The bound ligands are colored grey,
with their phosphate groups in red. (C) An
overlay of the N-terminal pleckstrin PH do-
main (colored blue) and the Shc PH/PTB do-
main (colored yellow), illustrating the extent
to which the structures of the core backbone
regions of the b sandwich are similar (r.m.s.
deviation of 1.9 AÊ ). Figures (B) and (C) were
kindly provided by M. Zhou and S. Fesik. The
IRS-1 PTB domain is presented in Figure 2
of Eck et al., 1996.
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of G-proteins (Gbg) has been reported for several PH
domains, most notably that from bARK (Touhara et al.,
1994). Binding to Gbg involves only the very C-terminus
of the bARK PH domain, together with a large region
outside the PH domain, so it is not clear to what extent
it is a property of the PH domain itself. Association
of intact bARK with Gbg-containing membranes also
requires the presence of phosphatidylinositol(4,5)bis-
phosphate (PtdInsP2) (Pitcher et al., 1995). Several other
PH domains, notably those from pleckstrin and spectrin,
have been shown to bind with low affinity (Kd $ 30 mM)
and little apparent stereospecificity to PtdInsP2 in lipid
vesicles (Harlan et al., 1994). The spectrin PH domain
also binds weakly (Kd $ 40 mM) to inositol(1,4,5)trisphos-
phate (InsP3) (HyvoÈ nen et al., 1995). The biological rele-
vance of these low affinity, rather nonspecific interac-
tions remains to be established, but it is possible, as in
the case of membrane binding by bARK (Pitcher et al.,
1995), that membrane binding could involve the cooper-
ation of several weak, relatively nonspecific interactions.
By contrast with the spectrin and pleckstrin PH do-
mains, the PLCd1 PH domain binds specifically to
PtdInsP2 with relatively high affinity (Kd 5 1.7 mM) (Lem-
mon et al., 1995). D-myo inositol(1,4,5)trisphosphate
(InsP3) also binds tightly to this PH domain (Kd 5 0.21
Figure 2. Both PTB/PH and PH Domains are Involved in Recruit-mM) in a highly specific manner, and competes directly
ment to the Membrane Surfacewith PtdInsP2 binding (Lemmon et al., 1995; Yagisawa
(A) PLCd1 is anchored by its PH domain to membranes that containet al., 1994). Whole PLCd1 binds with high affinity to
its substrate, PtdIns(4,5)P2 (PIP2), permitting processive hydrolysisPtdInsP2-containing vesicles (Rebecchi et al., 1992).
(high activity). Accumulating InsP3 (IP3), produced by the enzyme,This binding requires that the amino-terminal region of
competes with PIP2 for binding to the PH domain. PIP2 hydrolysisPLCd1, which contains the PH domain, is intact (Ci- by the unanchored enzyme will be less efficient, requiring dissocia-
fuentes et al., 1994). Recent immunofluorescence sub- tion from and reassociation with the membrane (low activity) (see
cellular localization analysis of PLCd1 deletion mutants text).
(B) Shc is recruited to the membrane surface by binding of its PTB/has further demonstrated that the PH domain is neces-
PH domain to a juxtamembraneous tyrosine phosphorylation sitesary and sufficient for interaction of PLCd1 with the
in activated NGFR. Shc is phosphorylated by the activated receptor.plasma membrane (Paterson et al., 1995). Thus the PH
The SH2 domain of Grb2 then binds to phosphorylated Shc. Since
domain of PLCd1 represents a noncatalytic binding site the SH3 domains of Grb2 are bound to proline-rich regions in the
that recruits the enzyme to PtdInsP2-rich regions in the C-terminal tail of Sos, Sos itself is thus recruited to the membrane
plasma membrane and may allow the enzyme to hy- surface. Grb2/Sos recruitment also involves interactions between
the Sos PH domain and the membrane surface (see text).drolyze PtdInsP2 in membranes processively (Rebecchi
et al., 1992; Cifuentes et al., 1994), as is seen for other
phospholipases. InsP3, the product of PtdInsP2 hydroly-
Shc contains two different phosphotyrosine-recog-sis by PLCd1, inhibits the binding of PLCd1 to PtdInsP2-
nizing regions: a C-terminal SH2 domain and a PTBcontaining membranes, and thus inhibits PLCd1 activity
domain at the N-terminus of the molecule. Binding sitesby competing for interaction with the PH domain (Ci-
for the Shc PTB domain are found in several activatedfuentes et al., 1994; Yagisawa et al., 1994). Taken to-
receptor tyrosine kinases and comprise the consensusgether, these results suggest that PtdInsP2 and InsP3
L/IXNPXpY (Batzer et al., 1995). Synthetic peptides withare physiologically relevant ligands for the PLCd1 PH
this sequence bind specifically, and with high affinity,domain, and that the PH is a regulatory domain control-
to the Shc PTB domain (Kavanaugh et al., 1995). Theling PLCd1 targeting to substrate-containing membranes
IRS-1 PTB domain is adjacent to a PH domain at theas well as product inhibition of the enzyme (Figure 2A).
N-terminus of the molecule. It binds to an NPXpY-con-Phosphotyrosine Binding Domains with
taining sequence found in the juxtamembrane region ofa PH Domain Fold
the insulin receptor and shows different specificity fromVery recently, a second class of PH domain ligand with
the Shc PTB domain (Eck et al., 1996, and referenceshigh affinity and specificity was identified. Structure de-
therein). The Shc PTB domain structure (Figure 1) wastermination of the phosphotyrosine binding (PTB) or
determined by NMR in complex with an NGF receptorphosphotyrosine interaction (PI) domains (Kavanaugh
(TrkA) phosphopeptide (Zhou et al., 1995). The IRS-1et al., 1995; Bork and Margolis, 1995) from the adapter
PTB domain was determined crystallographically, bothproteins Shc (Zhou et al., 1995) and IRS-1 (Eck et al.,
unliganded and in complex with an insulin receptor1996) showed them both to be PH domains that had
phosphopeptide (Eck et al., 1996). The PTB domainsnot previously been identified by sequence homology.
have exactly the same topology as PH domains. EachThe two PTB domains themselves share no significant
sequence similarity, and aredifferent from SH2 domains. contains two nearly orthogonal antiparallel b sheets
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(with 4 and 3 strands, respectively) that form a b sand-
wich with one corner closed off by an amphipathic
C-terminal a helix (Figure 1 and Figure 2 of Eck et al.,
1996). The backbone structures of core regions of the
PTB and PH domains can be superimposed with a root-
mean-squared (r.m.s.) deviation of just 1 AÊ to 1.9 AÊ
(Figure 1C and Figure 8B of Eck et al., 1996). The differ-
ence between PTB domains and PH domains is no
greater than that seen between different PH domains
or between the Shc and IRS-1 PTB domains. Thus, in
spite of the very limited sequence similarity between
the various domains, they all have the same fold. From
a structural standpoint, therefore, the PTB domains of
Shc and IRS-1 can be classified as bona fide PH do-
mains.
A Second Class of Membrane-Associated
PH Domain Ligands
Since the PTB domains of Shc and IRS-1 are PH do-
mains, the phosphorylated NPXpY sequences found in
the NGF (TrkA) and insulin receptors represent a second
class of specific, high affinity, biologically relevant, PH
domain ligands. Although very different in their struc-
tures, the two classes of PH domain ligand share several
common characteristics - both in their function and in
the nature of the interactions in which they participate.
Functionally, a feature common to the PH domains of
Shc, IRS-1, and PLCd1 is that their ligands areassociated
with the cell surface - membrane receptors in the case
of Shc and IRS-1, and membrane lipid for PLCd1. The
role of the PH domain in each case is to target the host
protein to the cell membrane to facilitate and regulate Figure 3. Similar Variable Loops of PLCd-PH and Shc PTB/PH are
enzymatic reactions: PtdInsP2 hydrolysis by PLCd1 (Fig- involved in Ligand Binding
ure 2A); and coupling of receptor activation to down- (A) The structure of PLCd-PH, viewed down the long axis of the
stream effectors in the cases of IRS-1 and Shc. Ras C-terminal a helix. Elements of secondary structure are labeled, and
the variable loops 1 (b1/b2), 2 (b3/b4), and 3 (b6/b7) are labeledguanine nucleotide exchange activity is regulated by
(VL-1 to VL-3), and all colored gold. These variable loops are allGrb2/Sos binding to Shc (Figure 2B) or IRS-1. It is note-
involved in interactions with phosphate groups of the boundworthy that the guanine nucleotide releasing factor Sos
Ins(1,4,5)P3 (Ferguson et al., 1995a).possesses its own PH domain, elimination of which (B) The Shc PH/PTB domain is shown in the same orientation as
compromises the ability of Sos to activate Ras (McCol- the PH domain in (A). Elements of secondary structure are labeled,
lam et al., 1995). The Ras GTPase activating protein, with the designation of b2 and b2' reversed compared with Zhou
et al. (1995) to stress that b2 is part of the b sandwich. The threeRas-Gap, also contains a PH domain. The PH domains
variable loops (b1/b2, b3/b4, and b6/b7) are all colored gold, andof Sos and Ras-Gap may be involved in localizing these
are labeled VL-1 to VL-3. Variable loop 2 (b3/b4) is very short in thisproteins at the plasma membrane close to their common
domain, and does not interact with the ligand. Variable loop 1 (b1/target Ras.
b2) is very long, and includes b1', b2', and a2. The phosphate group
Comparison of Binding by the Two Classes of the TrkA phosphopeptide interacts with basic groups in both
of PH Domain Ligand variable loop 1 (between b1' and a2) and variable loop 3 (b3/b4).
The remainder of the peptide binds between the C-terminal a helixBoth classes of PH domain ligand are phosphorylated,
(a2) and strand b5. This figure was kindly generated by M. Zhouand interactions involving phosphate groups are clearly
and S. Fesik.seen to be important for high affinity NPXpY binding to
the Shc and IRS-1 PH domains (Zhou et al., 1995; Eck
et al., 1996) as well as InsP3 binding to the PLCd1 PH
(Ferguson et al., 1995a; Ferguson et al., 1995b). InsP3domain (where all of the interactions involve phosphate
binding to the PLCd1 PH domain involves variable loopsgroups) (Ferguson et al., 1995a). Figure 1A and 1B, to-
1, 2, and 3 (Ferguson et al., 1995a) (Figure 3A). Using thisgether with Figure 4 of Eck et al. (1996) show that,
loop designation, the phosphotyrosine of the NPXpYbroadly speaking, the two classes of ligand bind on
peptide binds toa region of the Shc PH domain involvingopposite sides of their cognate domains. However, if
basic side-chains of amino acids in both variable loopsinteractions involving only the phosphotyrosine of the
1 and 3 (Figure 3B). Variable loop 1 is particularly longNPXpY peptide with the Shc and IRS-1 PH domains are
in the Shc PH domain and extends around the domainconsidered separately from the rest of the peptide, there
allowing residues between b1' and a2 to interact with pYare some interesting parallels with InsP3 binding to the
on a face of thePH domain opposite from that involved inPLCd1 PH domain. As mentioned above, the b1/b2, b3/
InsP3 binding to the PLCd1 PH domain (Figure 3B). Theb4, and b6/b7 loops are most variable between PH do-
mains, and have been designated variable loops 1 to 3 residues of the IRS-1 PH domain that interact with the
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Eck, M.J., Dhe-Paganon, S., TruÈ b, T., Nolte, R.T., and Shoelson, S.E.pY of the insulin receptor NPXpY peptide are not con-
(1996). Cell 85, this issue.served in Shc and are found in the b6/b7 loop (variable
Ferguson, K.M., Lemmon, M.A., Schlessinger, J., and Sigler, P.B.loop 3), the b4/b5 loop, and strand b5 (Figures 7 and 9
(1995a). Cell, 83, 1037±1046.of Eck et al., 1996). Thus, variable loop 3 interacts with
Ferguson, K.M., Lemmon, M.A., Sigler, P.B., and Schlessinger, J.the phosphate of the bound ligand in each case. Simi-
(1995b). Nature Struct. Biol. 2, 715±718.
larly, low affinity interaction of phosphoinositides with
Gibson, T.J., HyvoÈnen, M., Musacchio, A., Saraste, M. and Birney,PH domains from spectrin, pleckstrin, and dynamin all
E. (1994). Trends. Biochem. Sci. 19, 349±353.
involve at least one of the three most variable loops, with
Harlan, J.E., Hajduk, P.J., Yoon, H.S., and Fesik, S.W. (1994). Nature
additional contacts being made by different portions of 371, 168±170.
the domain in each case (HyvoÈ nen et al., 1995; Harlan Haslam, R.J., Koide, H.B., and Hemmings, B.A. (1993). Nature 363,
et al., 1994). 309±310.
The remainder of the NPXpY peptide binds similarly HyvoÈ nen, M., Macias, M.J., Nilges, M., Oschkinat, H., Saraste, M.,
to the Shc and IRS-1 PH domains. Each forms a b turn and Wilmanns, M. (1995). EMBO J. 14, 4676±4685.
that positions the pY, and regions N-terminal to this Kavanaugh, W.M., Turck, C.W., and Williams, L.T. (1995). Science
turn fill a groove that exists between strand b5 and the 268, 1177±1179.
C-terminal amphipathic a helix of the domain (Figure 3B Lemmon, M.A., Ferguson, K. M., Sigler, P.B., and Schlessinger J.
(1995). Proc. Natl. Acad. Sci. USA 92, 10472±10476.and Figure 2 of Eck et al., 1996). These interactions of
the peptide with the C-terminal a helix may be similar Mayer, B.J., Ren, R., Clark, K.L., and Baltimore, D. (1993). Cell 73,
629±630.to those inferred between the C-terminal portion of the
McCollam, L., Bonfini, L., Karlovich, C.A., Conway, B.R., Kozma,bARK PH domain and Gbg (Touhara et al., 1994). Indeed,
L.M., Banerjee, U., and Czech, M. P. (1995). J. Chem. 270, 15954±in cooperative binding to the bARK PH domain (Pitcher
15957.et al., 1995), phosphoinositides may interact in a manner
Paterson, H.F., Savopoulos, J.W., Perisic, O., Cheung, R., Ellis, M.V.,similar to their interaction with other PH domains, while
Williams, R.L., and Katan, M. (1995). Biochem. J. 312, 661±666.
Gbg interactions with bARK PH could resemble those
Pitcher, J.A., Touhara, K., Payne, E.S., and Lefkowitz, R.J. (1995).between the Shc PH domain and the N-terminal portion
J. Biol. Chem. 270, 11707±11710.
of the NPXpY peptide.
Rebecchi, M.J., Peterson, A., and McLaughlin, S. (1992). Biochemis-
Implications for Other PH Domains try 31, 12742±12747.
With the identification of two distinct classes of high Touhara, K., Inglese, J., Pitcher, J.A., Shaw, G., and Lefkowitz, R.J.
affinity, physiologically relevant, ligands for PH domains, (1994). J. Biol. Chem. 269, 10217±10220.
it appears reasonable to assume that additional specific Yagisawa, H., Hirata, M., Kanematsu, T., Watanabe, Y., Ozaki, S.,
high affinity ligands for other PH domains will be identi- Sakuma, K., Tanaka, H., Yabuta, N., Kamata, H., Hirata, H., and
Nojima, H. (1994). J. Biol. Chem. 269, 20179±20188.fied in the future. It is not clear, however, whether each
of the90 proposed PH domains will have its own specific Zhou, M.-M., Ravichandran, K.S., Olejniczak, E.T., Petros, A.M.,
Meadows, R.P., Sattler, M., Harlan, J.E., Wade, W.S., Burakoff, S.J.,ligand. Possible candidates for specific PH domain li-
and Fesik, S.W. (1995). Nature 378, 584±592.gands include various inositol polyphosphates, phos-
phorylated membrane components, as well as specific
protein sequences containing phosphorylated tyrosine,
serine, threonine, or histidine residues. It appears un-
likely that the low affinity interactions of phosphoinosi-
tides described for several PH domains are physiologi-
cally relevant. It is difficult to imagine why such a large
and diverse family of PH domains (with just 10-15%
sequence identity) would exist in order to bind with a
similar low affinity to PtdInsP2-containing membranes.
Rather, we suggest that these interactions represent
limited binding to noncognate ligands - the physiologi-
cally relevant ligands have yet to be identified. It is likely
that many, if not all, PH domains have their own high
affinity, cell membrane-associated, ligands and operate
according to the paradigms described for the PH do-
mains of PLCd1 and Shc (Figure 2A and 2B). The struc-
tural homology between PH domains might reflect a
particularly stable protein scaffold of b sheets that can
present variable ligand-binding loops in a manner analo-
gous to that seen in the immunoglobulin superfamily.
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